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ABSTRACT
We study the influence of a second order magnetic anisotropy on magnetization reversal by spin transfer torque in perpendicularly magnetized magnetic tunnel junctions (pMTJs). Using a macrospin model to describe the dynamics of the free layer, analytical solutions for the switching voltage and the voltage threshold for precession are determined as a function of the first and second order magnetic anisotropies. To compare the spin-transfer-torque energy efficiency to that of a classical pMTJ, a junction without the second order anisotropy term, we compare these cases at a fixed energy barrier to thermally activated reversal. We show that the critical voltage for switching can be reduced by a factor 0.7 when the ratio of the second to the first order magnetic anisotropy is 1/3. Importantly, the switching time can be reduced by nearly a factor of two for this magnetic anisotropy ratio. These results highlight an important and practical method to increase the spin-torque efficiency, while reducing the energy dissipation and switching time in magnetic random access memory devices.
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Magnetic tunnel junctions (MTJs) with perpendicular anisotropy have been developed for memory applications such as magnetic random access memory (MRAM) since 2010. [1] [2] [3] In order to optimize these devices, material solutions need to be found to reduce the writing power and the writing duration of information in a memory cell while keeping a sufficient thermal stability. In this article, we focus on the magnetization behavior of the free layer of a perpendicular magnetic tunnel junction (pMTJ) with a second order anisotropy term in the presence of the anti-damping (Slonczewski-like) spin transfer torque (STT). 4, 5 The existence of a second order of magnetocrystalline anisotropy in MgO/CoFeB/Ta structures was shown in 2015 by Shaw et al. 10 for thin CoFeB layers ($1 nm) using ferromagnetic resonance spectroscopy (FMR). The same year Sun showed that higher order magnetic anisotropies can arise in thin films when the perpendicularly magnetic anisotropy is concentrated at an interface (e.g., the CoFeB/MgO interface) and there is moderate exchange coupling between the interface moments and the rest of the thin layer. 11 Both references suggested that this higher order anisotropy would increase the switching efficiency of the magnetization-but did not provide an analysis of this effect. Subsequently, several experimental studies focused on either this structure, putting in evidence the second order magnetic anisotropy for pMTJs with thin CoFeB layers (1.2-1.35 nm) using FMR, or magnetoresistance for patterned structures. [12] [13] [14] Other studies explored the influence of this effect on pMTJ state diagrams. [15] [16] [17] [18] [19] Reference 19 considered the influence of a second order anisotropy on the switching current.
In contrast, this article focuses on an analytical description in the macrospin limit of the precession voltage V p , the switching voltage V sw , and the corresponding switching duration, which determine the energy required for switching, as a function of the anisotropy ratio for a constant energy barrier. In order to evaluate the effect of the second order term on the magnetization dynamics, we consider the macrospin model to represent this system. 6, 7 This model is solved analytically to extract the critical voltage and the time depend dynamics is numerically calculated from the Landau-Lifshitz-GilbertSlonczewski (LLGS) equation. 8, 9 We conclude that the energy efficiency of an MRAM device can be increased by introducing a second order anisotropy.
Introducing a second order magnetic anisotropy term results in the following expression for the energy density:
where K 1 and K 2 are the first and the second anisotropy constants, respectively, and h is the angle with the normal to the sample plane. In this article, K 1 will be considered positive in order to promote an out-of-plane easy axis and K 2 negative, as this aids the switching and is what is found experimentally for CoFeB/MgO interfaces.
The thermal stability of the device is set by the energy barrier height E b which typically in commercial devices is designed to be 60 k B T to ensure long term data retention, where T is the device operating temperature (typically, 300 K) and k B is Boltzmann's constant. The total anisotropy energy E tot ¼ E tot V is given by the volume of the free layer V multiplied by the total anisotropy energy density E tot which itself is composed of the shape anisotropy and the magnetocrystalline anisotropy energy density. E tot is given by
where M s is the saturation magnetization and there is no applied magnetic field. We define the effective anisotropy coefficient to be
which is composed of the first order of magnetocrystalline anisotropy and the shape anisotropy. In the absence of a second-order anisotropy term, an out-of-plane uniaxial anisotropy is favored for K eff > 0. When K 2 is introduced, two cases can be distinguished:
2 , the system has out-of-plane uniaxial anisotropy. K 2 > K eff 2 , an easy cone state is favored. In the presence of the cone state, the position of the equilibrium angle h cone is given by cos h cone ¼ ffiffiffiffiffiffiffiffi
density barrier E b depends on the presence or absence of the cone state, and we obtain the following relation:
In order to evaluate the influence of K 2 on the switching voltage V sw , we fix E b and M s as the ratio
varies. Figure 1( corresponds to a widening of the potential well, and for K2 j j K eff ¼ 1=2; we observe, as expected, the appearance of an easy cone state and a shift of the position of the equilibrium angle toward the in-plane direction. For a constant K eff , the addition of (a negative) K 2 would decrease the height of the energy barrier; however, we want to focus on the effect of a ratio
on the switching voltage efficiency in which the energy barrier E b is fixed, as shown in Fig. 1(b) .
We are now interested in finding the switching voltage for different ratios of
, while keeping a constant energy barrier E b . The aim is to characterize the magnetization dynamics as a function of the applied voltage. The two effects of the spin torque expected in this geometry are the precession and the switching of the magnetization. We consider the LLGS equation written as
where the first right hand side term is the conservative term, depending on the effective field, and the two other terms are the non-conservative torques, the damping torque (a ( 1) and the Slonczewski spin transfer torque as discussed theoretically in Ref. 20 , where it is shown that the spin-transfer torque is directly proportional to the applied bias voltage, as observed experimentally in Ref. 21 .
We will take p to be normal to the film plane, that is, we consider the fixed layer to be perpendicularly magnetized. The process followed to develop our computation was to express the LLGS equation in spherical coordinates (e q ; e h ; e / ) and then project Eq. (3) onto e h and e / . The domain of the definition of the angle solution is h 2 0; p 2
Â Ã
; and the solution is symmetric for the lower hemisphere. From Eq. (1), we get H eff
2 h cos h sinhe h , and the LLGS equation can be written as
FIG. 1. (a)
Normalized energy density landscape as a function of the free layer magnetization position for a pMTJ with a constant energy barrier for different ratios of second order anisotropy K 2 and effective anisotropy
It has a trivial solution with h ¼ 0 that in turn gives _ h ¼ 0 and indicates that there is no motion possible for a magnetization that remains precisely out of the plane. If we allow h to be different from zero, the equations can be divided by sinh, but the resulting equations cannot be solved without numerical integration. However, due to the cylindrical symmetry of the system, if the magnetization is driven in a precessional state, _ h ¼ 0, and the precession frequency is given by _ /. In that case, Eq. (4) can be rearranged as Combining the above two equations, we can get the evolution of the voltage with respect to the dynamic equilibrium polar angle h dyn . As Eq. 5(b) is bounded, we can define two limit voltages V 1 and V 2 where the solution of the LLGS equation changes. These values are directly linked to the h dyn bounding values. The lower bound of h dyn is given by the equilibrium angle, and thus,
Solving the system of equations for the upper bound gives cos h dyn1 ¼ ffiffiffiffiffiffiffiffi ffi
q . Consequently, V 1 and V 2 , denoting regime transitions and expressed as functions of the magnetic anisotropy, are given by
and
Both voltages are presented as a function of Fig. 2(a) keeping a constant energy barrier e b and in Fig. 2(b) the magnetization trajectory is shown for each area in the diagram using a direct numerical integration of the LLGS equation. 8, 9 As V 1 and V 2 have a bifurcation point for
, they define a four-area diagram, each noted by a roman numeral. By solving numerically the LLGS equation, we identify the archetypal trajectories of each area. When the magnetization is in the first (I) or the second (II) area, it switches directly to the opposite hemisphere; this corresponds to the area between V 1 and V 2 before the bifurcation and for voltages larger than V 2 . In the area below V 1 (III), the stable state is the out-of-plane equilibrium position.
For the fourth area (IV), i.e., between V 1 and V 2 and An important result of this analysis is that the ratio K 2 j j=K eff ¼ 13 minimizes the switching voltage compared to the switching voltage V 0 of a pMTJ with no second order anisotropy but with the same energy barrier [ Fig. 3(a) ]. Even when the cone state is not present, the steady state precession induces a motion of the magnetization before switching, increasing the efficiency of the magnetization reversal for the same energy barrier. A pMTJ with this ratio in anisotropy would have a decreased switching voltage with little reduction of its magnetoresistance.
We also investigate the duration of the switching process under STT by integrating numerically the LLGS equation in   FIG. 2 . Solutions of LLGS for the precession and the switching of magnetization as a function of voltage. V 1 (dashed line) and V 2 (thick line) as a function of K 2 j j=K ef f for a constant energy barrier, with the large black dot denoting the case when the two voltages are equal. The red area (I) corresponds to a switching area between V 1 and V 2 , and the grey area (II) to the switching area above both V 1 and V 2 . In the yellow area (III), the magnetization does not switch, and in the green area (IV), the magnetization presents a precessional behavior. Below, typical magnetization trajectories in the four areas are given I and II: magnetization switching, III: non-switching, IV: precession. The following values have been used: a V ¼ 6.37 3 10 3 A m À1 V À1 and a ¼ 0.01.
pMTJs for various ratios
. The initial angle of the magnetization is tilted 0.05 rad away from the normal axis, and the switching time is identified when the magnetization changes hemisphere, i.e., when it overcomes the energy barrier. and for a voltage overdrive of 1% for Fig. 3(b) . From Fig. 3(b) , two switching regimes are identified, below and above the bifurcation point
). The peak in the switching time is associated with the coexistence of both magnetization precession and switching at this point.
Both parameters are normalized with the switching voltage V 0 and switching time t 0 of the reference pMTJ with no second order anisotropy. Another important feature is that for
where the switching voltage is minimum, reduced by V min V0 ¼ 0:71, the switching time is also reduced by tV min t0 ¼ 0:55. A pMTJ with this ratio in anisotropy at a constant energy barrier would see not only its switching voltage having decreased but also its switching time, while presenting no reduction of the tunnel magnetoresistance (TMR) ratio, since the system remains for this value of K2 j j K eff , and for sufficiently low reading voltage in a full pMTJ geometry. The Joule energy required for switching is a product of the power supplied and the time. So, the reduction in both the switching voltage and the switching time leads to a more energy efficient spin-torque device.
In conclusion, the magnetization switching and precession in pMTJs in the presence of a second order anisotropy K 2 have been studied while keeping a constant energy barrier (constant thermal stability). From the LLGS equation in the macrospin approximation, we find analytical solutions of the boundaries for several different regimes as a function of K2 j j K eff . The numerical integration of the LLGS equation allowed identifying these different regimes: a switching regime, a non-switching regime, and a precession regime, the latter appearing before the creation of the cone state in the energy landscape. From the equations of the switching voltage and the precession voltage, a bifurcation is found for . Moreover, we could demonstrate that for a well chosen K2 j j K eff ratio, the switching voltage is reduced by 29% and the switching time by 45% while the energy barrier is kept constant. These findings could have major consequences on the materials used for the next generation of STT-MRAM. We note that a more detailed analysis of the thermal stability would include how the prefactor in the rate of thermally activated transitions varies with K 2 . Further, a 3D micromagnetic calculation should be carried out to examine the limits to the macrospin approximation used in our study.
